The aim of this study was to investigate the effect of hyperoxia, calcium ions and pH value on the composition of major phospholipids in human erythrocyte membranes and erythrocytes' oxygentransport function. To create a model of hyperoxia, we saturated the incubated mixture with oxygen by constant passing of oxygen-air mixture through the incubation medium. To assess the effect of elevated calcium ion concentrations, CaCl 2 was added to the incubation medium. An incubation medium with different pH was used to study the effect of various pH values. Lipids were extracted from erythrocytes and chromatographic separation was carried out in a thin layer of silica gel deposited on a glass plate. The thiobarbituric acid (TBA)-active products and the content of diene conjugates (DC) in erythrocytes were determined. The oxygen-binding capacity of haemoglobin was evaluated using Raman spectroscopy. The obtained results indicated that hyperoxia causes deep changes both in the composition and character of bilayer lipids of erythrocyte membranes, which affects the functional characteristics of erythrocytes, primarily the oxygen-transport properties of erythrocyte haemoglobin. It should be noted that a combination of Ca 2+ ions and change in the pH value intensify the processes associated with disruption of phospholipids' composition. The findings indicate that the lipid phase is one of the key elements in the functioning of erythrocytes in norm as well as during development of various pathological processes.
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The effect of experimental hyperoxia on erythrocytes' oxygen-transport function 
Introduction
Many studies [1] [2] [3] , including ours [4] [5] [6] , have provided evidence that the lipid phase plays an active role in the regulation of the oxygen-transport function of haemoglobin during hypoxia, which is the cause and consequence of many cardiovascular diseases [7] . However, the human body often faces a situation when in some tissues and, in particular, in the blood, there may be an excessive amount of oxygen. Understanding the processes that occur during elevated concentrations of oxygen is essential, in particular, for patients in need of additional oxygenation [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Uncontrolled increase of oxygen concentration leads to the so-called 'oxidative stress', resulting in the activation of many oxidative processes, including processes of lipid peroxidation (LPO) [1, 8, [19] [20] [21] . Currently there is abundant evidence pointing to the influence of products of LPO on the structure and functional properties of the cell as well as on separate enzyme systems and functional elements, localized in the membrane [22] . A particularly important link in the chain of these events is the processes associated with the change in the concentration of Ca 2+ and pH [23] . It is known that during peroxidation, calcium ions can enter into the cells and leave their intracellular depot though non-specific ion channels, formed by peroxide groups [23] . The change in the concentration of calcium in these or other areas can trigger the lipolytic Ca-dependent phospholipase [24] . In addition, the interaction of calcium with charged peroxide groups can affect the physico-chemical (phase) properties of the lipid bilayer. The enzyme activity itself depends on the pH value [25] . In addition, pH can also quite efficiently affect those phospholipids, which have charged groups, such as phosphatidylserine, phosphatidylinositol, phosphatidylcholine, etc. This array of changes is a powerful factor that can profoundly alter the properties of the membrane and the functional characteristics of a cell and the structures making up its composition.
CONTACT Nikolai Zhelev n.zhelev@abertay.ac.uk
Taking into account the above considerations, we investigated whether hyperoxia causes changes in the composition of major phospholipids that erythrocyte membranes are composed of. In addition, we explored the role of calcium ions and pH value on the nature of these disorders and how the processes may affect the haemoglobin oxygen-binding ability and oxygen-transport of red blood cells (RBCs).
Subjects and methods

Blood samples
The study was conducted with the approval of the Local Ethics Committee of Mordovia State University in accordance with the principles of Good Clinical Practice (Minutes no. 12 of 17 September 2014).
Blood was obtained from healthy donors at the Mordovian Republican Station of Blood Transfusion in Saransk city. Donors were 37 healthy men aged 27-37 years who, at the time of examination, had no history of cardiovascular disease (average haematological parameters: RBC (10 12 /L) 4.86 § 0.08; Hb -149.2 § 5.69 g/L). Informed consent for participation in the study was obtained from all blood donors.
Blood sampling procedure
Fasting blood was taken aseptically from the cubital vein, and then centrifuged for 15 min at 1500g. The supernatant was taken away and discharged. Erythrocyte suspension was prepared from the sediment by adding normal saline solution (NSS) in a 3:1 ratio. After adding NSS, the samples were centrifuged for 5 min at 1500g. The obtained suspension of erythrocytes was used for further work.
Hyperoxia model
To create a model of hyperoxia, we saturated the incubated mixture with oxygen by constant passing of oxygen-air mixture through the incubation medium. The erythrocyte mass was well stirred and 22 mL samples were incubated for 30 min at 37 C.
To assess the impact of elevated concentrations of calcium ions, we added CaCl 2 in the incubation medium to a final concentration of 3.5 mmol/L. To study the effect of different values of pH, the incubation medium with pH 6.8 and 7.8 was used.
After incubation, RBCs were deposited by centrifugation at 1500g for 10 min, after which a small portion of sediment was re-suspended in the washing medium, of which samples for microscopy were prepared; the other part was used to obtain membranes.
Isolation of membranes from human erythrocytes
The sediment of erythrocytes was lysed in a chilled to 0 C solution of 5 mmol/L NaH 2 PO 4 ; 0.5 mmol/L phenylmethylsulphonyl fluoride pH of 8.0. The ratio of the sediment of RBCs to lysis solution was 1:20 (v:v). The mixture was left for 10 min at 4 C, then centrifuged at 20,000g
for 40 min (temperature 0 C). The supernatant was discharged and the sediment was re-suspended in lysis solution and centrifuged at 20,000g for 40 min (at 0 C).
The procedure was repeated three times.
Extraction of lipids
Extraction of lipids from erythrocytes was performed by the Bligh-Dyer method [26] . Briefly, 1 mL of the erythrocyte mass was homogenized in 3 mL of chloroform/ methanol/water mixture (1:2:0.8 by volume). The volume of the resulting homogenate was topped up to 10 mL and left for 1 h in the flask with a friction-fitted lid. Then, the content of the flask was filtered through a folded filter. To separate non-lipid water-soluble impurities, 4 mL of chloroform and 4 mL of water were added in the resulting mixture, shaken and centrifuged for 15 min at 1000g. Under the above conditions, the solution was divided into two phases: the upper one -aqueous-methanol, containing water-soluble components; at the border of phases -white film of proteolipids; and the lower phasechloroform containing the lipids. The lower fraction was carefully separated and drained into a pre-weighed evaporating flask.
The extraction of lipids was carried out at low temperature (4 C). The final extract in the evaporating flask was evaporated on a rotary evaporator to constant weight in a flow of nitrogen. The resulting lipids were dissolved in a mixture of chloroform/methanol (2:1 by volume) to a concentration of 20 mg/mL. The lipid samples were stored at low temperature (¡20 C) in nitrogen atmosphere.
High-performance thin-layer chromatography
Chromatographic separation was carried out in a thin layer of silica gel deposited on a glass plate [27, 28] . We used standard high-performance thin-layer chromatography Silicagel plates 60 F254 (Merck, Darmstadt, Germany) as well as plates prepared at the laboratory. To separate the lipids, chromatographic chambers were used. The walls inside were lined with filter paper to accelerate the saturation by solvents vapours. Solvents in the chambers were prepared 1-1.5 h before analysis. Then, 20 mL of samples for analysis were deposited by an automatic applicator (Automatic TCL-Sanipler 4, Gamag, Muttenz, Switzerland) at a distance of 0.7-1 cm from the edges of the plate in the form of a strip (onedimensional separation).
To separate phospholipids by one-dimensional chromatography, the following solvent system used: chloroform/methanol/glacial acetic acid/water (50:25:8:4, v/v). Only two plates were put into the chamber at a time, so that the substrate surface was facing the chamber's lining paper, and the layers of adsorbent were at maximum distance from each other. Plates were warmed up for 30 min at a temperature of 110-120 C before depositing. After depositing samples, the plate was put into a chromatography chamber. The separation/division was terminated when the solvents front reached 0.5-1 cm from the upper edge of the plate. The plate was removed from the chamber and dried until the odour of solvents disappeared.
Detection of lipids
To detect lipids, we used the method based on iodine vapour staining, convenient due to its universality and absence of destructive effect on lipids [29] . Detection of phospholipids was carried out by the method of Vaskovsky et al. [30] . Originally, we prepared source reagent A by mixing 10 g sodium molybdate, 60 mL 4n HCl, 0.4 g hydrochloric acid hydrazine and 14 mL of 4n =Cl. The mixture was heated on a water bath for 20 min, cooled and then 14 mL of concentrated sulphuric acid was added, bringing the volume up to 100 mL with distilled water. To spray plates, reagent C was prepared: to the initial volume of reagent A, three volumes of distilled water or seven volumes of 7n sulphuric acid were added. The spots of phospholipids in the latter case were tinted blue.
Separate fractions of phospholipids were identified using the Rf values of specific colouring agents and witnesses. Choline-containing phospholipids were detected using Dragendorff's reagent [29] . To detect amine-containing phospholipids (PEA, PS) ninhydrine reagent was used [31] . Detection of free fatty acids (FFAs) was carried out by using bromcresol green [29] .
Quantitative analysis of lipids
Quantitation of phospholipids was carried out with the aid of a densitometric automated device CAMAG TLC Scanner 4 (Switzerland) [27, 28] . Methyl esters of fatty acids (FA) of individual lipids and FFAs were analysed by gas chromatography (GC). Methylation of FAs was determined by Morrison and Smith's method [32] . Separation of methyl esters of FAs was performed by gas chromatograph SHIMADZU GC-2010Plus AF (Kyoto, Japan) [32] .
Analysis and processing of chromatography were conducted by the internal standard method. This method is based on adding a known amount of a certain substance called the 'internal standard', to the analysed compounds. To do this, we calibrated the device using a mixture with a known content of analysed substances and internal standard. As an internal standard we used margarine acid.
Study of lipid peroxidation products
The intensity of LPO was determined by the accumulation of products of peroxidation of polyunsaturated fatty acids (PUFAs) -DC and malondialdehyde (MDA) in erythrocytes. The estimation of TBA-active products was carried by the method described by Ohkawa et al. [33] . The method is based on the fact that, at high temperature in an acidic medium, MDA reacts with TBA, forming a coloured trimethine complex with an absorption maximum at 535 nm [33] .
The content of DC in erythrocytes was determined on the basis of the classical method by Placer Z. (1968) in the modification of Gavrilov et al. [34] [35] [36] . Briefly, 0.5 mL of erythrocyte haemolysate (1:1) was mixed in test tubes with a glass lid with 4 mL of a pure distilled mixture of isopropanol: heptane (1:1, v/v). The mixture was shaken for 1 h; after that we added 1 mL of 0.01 N HCl (pH = 2) and the mixture was again shaken for 2 min. Then, 2 mL of pure distilled heptane were added and the mixture was again periodically shaken for 10-15 min. After about 1-2 h, the upper phase was taken and scanned photometrically at 232 nm against a control sample where instead of the haemolysate, 0.5 mL of H2O was used. Calculations were done using the following equation: C (nmol/mL er) = (AOP Afon) £ 36.4, where AOP is the optical density of the experimental samples; Afon is the optical density of the control sample; 36.4 is the conversion rate in nm (nmol).
Conformation and properties of haemoglobin
The oxygen-binding capacity of haemoglobin was determined using Raman spectroscopy (RS) on the device In Via Renishaw (UK) [37] [38] [39] with short-focus high luminosity monochromator (focal length not more than 250 mm) and CCD detector for recording data (1024 £ 256 pixels with Peltier cooling to ¡70 E), 1800 lines/mm.
The digitized spectra were processed with the program WIRE 3.3. Reference line correction and smoothing of the spectra were carried out. To excite Raman spectra, a laser was used (wavelength of 532 nm, maximum emission power of 100 mW, 100 £ objective). The data recorder, CCD detector (1024 £ 256 pixels with Peltier cooling up to ¡70 C), was with grating of 1800 lines/mm. The digitized spectra were processed in WIRE 3.3. Baseline correction and smoothing of the spectra were made. The swab of the erythrocytes suspension was studied on the specimen slide. We had bands of the haemoglobin spectrum at laser excitation of 532 nm and correlation of bands with fluctuations of the porphyrin relations. For each sample, the measurements were performed three times and the resulting values were averaged. The position and intensity of Raman spectrum bands of haemoglobin depends on the nature of the fluctuations of the porphyrin ring relations that allows evaluating the conformation of haematoporphyrin, which is directly related to the oxygen-binding properties of haemoglobin [38, 39] .
To analyse the conformation of haemoglobin HP, we used certain characteristic bands of the Raman spectrum, which allows to examine the HP conformation in deoxyhaemoglobin The use of Raman peaks relations and not their absolute values is explained by the fact that the absolute value of spectrum intensity depends on the amount of haemoglobin and therefore of RBCs in the sample as well as of the laser focus area. Internal normalization of peaks (on the intensity of other bands) ensures that the analysed parameters in different samples do not depend on the amount of haemoglobin, and are determined only by the conformation of haemoglobin and the relative content of its various forms.
The correlation of the spectra intensities I 1375 /(I 1355 + I 1375 ) characterizes the relative amount of oxyhaemoglobin in the blood, I 1355 /I 1550 -the relative ability of the total haemoglobin in the sample to bind ligands (including oxygen), and the correlation I 1375 /I 1580 -the ability of o-Hb to reduce oxygen. The correlation I 1580 /I 1548 reflects the affinity of haemoglobin to ligands, primarily to oxygen. The correlation I 1375 /I 1172 shows the intensity of the symmetric and asymmetric vibrations of pyrrole rings, a change of which may be attributed to conformational changes of pyrroles [37] [38] [39] [40] [41] .
Data analysis
Statistical processing of results was performed using Statistics 6.0 software. For statistical analysis of the experiment results, we drew upon Geary's criterion, by which we estimated the normal value distribution for each of the samples [42] . After that, the homogeneity of dispersion was evaluated; then, we conducted analysis of variance (ANOVA) and ANOVA for repeated measurements. In case of statistically significant differences between the average values, we used Tukey analysis of contrast of means post-factum [43] . The results are presented as arithmetic means and standard deviation (mean § SD).
Results and discussion
Changes in the composition of phospholipids of RBCs during hyperoxia
The erythrocyte membrane plays a key role in determining the homeostasis and functional capacity of the cell. The physico-chemical state of the membrane influences the active ion transport, the oxygen-binding and oxygen-transport capacity, the specifics of functioning of the membrane-associated enzymes and the character of the cell/environment interaction, whereas the organization of erythrocyte membranes directly depends on their protein and lipids composition [44] . The main structural and functional component of erythrocyte membranes are phospholipids. It is they that determine the mobility of proteins and are responsible for the plasticity and deformability of erythrocyte membranes.
A characteristic feature of biological membranes is a different lipid composition on both sides of the lipid bilayer. This is attributed, first, to the thermodynamic probability of lipids distribution against stereo configuration of their molecules, and second, to the difference in the medium composition on both sides of the lipid bilayer [7] . For these reasons, the outer monolayer of the lipid membranes of human erythrocytes contains 44% phosphatidylcholine (PC), 44% sphingomyelin (SM) and 12% phosphatidylethanolamine (PEA), while the inner monolayer contains 48% PEA, 28% phosphatidylserine (PS), 10% SM and 14% PC [7, 45] .
In our work, we examined the phospholipid and FA composition of individual phospholipids as well as the degree of their oxidation in normal conditions and during hyperoxia. Seven fractions of phospholipids were isolated from erythrocyte membranes, namely PC, PS, SM, phosphatidylinositol (PI), PEA, lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPEA).
It was found that in human erythrocytes under conditions of normal oxygen content, the concentration of PEA was 190.3 § 8.1 mg pea /mg tl (total lipids) ( Table 1 ).
The elevated concentrations of Ca 2+ , pH 6.8 and 7.8 led to a decrease in the content of FEA in comparison with the control sample. The maximum decrease was observed at pH 7.8 (74.2% FEA). Such a significant change can probably be attributed to the fact that PEA is the most oxidizable fraction of the lipid spectrum, as it includes a large amount of unsaturated FAs.
Similar results were obtained for the PC fractions, which together with PEA, make up the bulk of the biomembranes' phospholipids and PS. The concentration of PC in the control sample was 230.8 § 9.3 mg/mg of lipids, and its minimum value at pH 7.8 was 52.5%. The concentration of PS in the control sample was 93.3 § 7.3 mg/mg of lipids and the minimum value observed was at pH 6.8.
Similar quantitative changes occurred with the fraction of minor phospholipids -PI, and with a representative of sphingophospholipids -SM. At the same time, there was a significant increase in the number of lysoforms of phospholipids. The maximum increase in the number LPC and LPEA occurred with incubation of erythrocytes in the medium at pH = 7.8.
It could be speculated that under the action of elevated concentrations of calcium as well as under the action of non-physiological concentrations of protons, phospholipases in RBCs become active, which leads to the formation of isoform PEA, PC and PS lysoforms. Therefore, during incubation in conditions of normal oxygen content, the impact of an additional factor, namely the increased concentration of Ca 2+ ions, nonphysiological pH values (6.8 and 7.8) appeared as a low content of all fractions of phospholipids (PL), except lysophospholipids, the content of which increased.
Under hyperoxic conditions, the RBCs were losing the content of almost all fractions of phospholipids. The concentration of PL lysoforms, especially LPC, increased and the effect of additional factors led to mixed effects ( Table 1 ). The strongest effect on the PL content was produced by the following factors: Ca 2+ ions for PEA (3.9-fold and 2.9-fold decrease in comparison with the control samples during hyperoxia and normoxia, respectively) and for LPC (4.2-fold and 6.9-fold increase in comparison with the control sample during hyperoxia and normoxia, respectively). Non-physiological pH values of the incubation medium of erythrocytes on the background of hyperoxia also caused quantitative changes in isolated fractions of PL. Thus, at pH = 6.8, we observed a further decrease in the amount of SM by 29% (compared with the control sample under hyperoxia), the amount of PC, PEA also remained below the control level (normoxia), but it was by 10% and 22.9% above the control level at hyperoxia, respectively. The number of PL lysoforms also increased, just like in normoxia.
The most pronounced effect on PEA, PS, PI and SM fractions was produced by the change of pH up to 7.8. The content of PEA, PS, PI and SM fractions decreased by 51%, 12.6%, 24.6% and 25.7% in comparison with the control samples during hyperoxia, respectively. Simultaneously, the processes of accumulation of LPC and LPEA fractions developed (their contents increased threefold and twofold, respectively, in comparison with control samples during hyperoxia). The amount of PC exceeded the control level in conditions of hyperoxia; however, it was significantly lower than the control level in normoxia.
These results demonstrated that the decrease of PEA, PC, PI and the increase in the content of lysophospholipids can affect the structural and functional properties of cell membranes [46] .
Effect of hyperoxia on the FA composition of erythrocyte phospholipids
The functioning and properties of biological membranes depend not only on the quantitative correlations of individual phospholipids with different polar parts, but also to some extent on the composition of their hydrophobic part formed by FA chains [47] . The FA composition of membrane lipids can vary widely, which significantly predetermines the structure and functions of membranes [44] . In our study, the analysis of the FA composition of total phospholipids in human blood revealed the following acids: C12:0 lauric acid, C13:0 tridecyl acid, C14:0 myristic acid, C14:1 myristoleic acid, C16:0 palmitic acid, C16:1 palmitoleic acid, C18:0 stearic acid, C18:1 oleic acid, C18:2 linoleic acid, C18:3 linolenic acid, C20:0 arachidic acid, C20:2 eicosadienoic acid, C21:0 heneicosanic acid, C22:0 behenic acid, C22:1 erucic acid, C24:0 lignoceric acid and C24:1 nervonic acid.
We found that, in the PEA fraction during incubation in conditions of normoxia, the overall FA composition was predominated by erucic acid. C12:0. C16:0. C20:0. C24:0 FAs were not found. The saturation rate for PEA amounted to 0.61 ( Figure 1) .
During incubation in conditions of hyperoxia in the presence of Ca 2+ ions at a concentration of 3.5 mmol/L, the qualitative composition of saturated FAs changed; namely, there appeared C12:0, C16:0, C20:0 and C24:0 acids. Among the unsaturated acids, erucic acid was not detected. The content of saturated C18:0 and C22:0 FAs increased significantly. Unlike control samples, lignoceric acid was detected. Among the unsaturated FAs, the content of oleic acid significantly decreased, whereas myristoleic acid was not detected. The amount of linoleic and nervonic linoleic acids increased. The saturation rate was 0.84.
At pH = 6.8 during hyperoxia, the qualitative composition of PEA fatty acids did not change. The content of stearic acid significantly increased. Among the unsaturated FAs, the content of nervonic acid increased greatly and the amount of oleic and eicosadienoic acids decreased (Figure 1 ). The saturation rate was 0.82.
At pH = 7.8, the qualitative composition of PEA fatty acids did not change either. The content of behenic acid in comparison with the control value increased significantly. Again, a small amount of erucic acid was detected, while lignoceric acid almost disappeared. The saturation rate was 0.84.
In the PC fraction of the control sample, we detected all of the above FAs except myristoleic and erucic acids. The main contribution to the amount was attributed to C16:0, C18:0 and C20:2. The saturation rate amounted to 0.81 (Figure 2 ). During the incubation of erythrocytes in conditions of hyperoxia (incubation medium with CaCl 2 3.5 mmol/L), qualitative changes in the FA composition were not detected in the PC fraction. Quantitatively, the increase in the content of all saturated acids was detected, which resulted in a high saturation rate -up to 0.85.
Decreasing the pH value of the incubation medium to 6.8 under the same conditions caused changes in the FA qualitative composition. C18:3 and C24:0 acids were not detected. The amount of C16:1, C18:2, C22:0 and C24:1 decreased significantly. The saturation rate increased to 0.89.
Changing the pH value of the incubation medium to 7.8 increased the amount of saturated FAs, particularly C12:0 and C14:0. Among the unsaturated FAs, the content of nervonic acid, C24:1 increased significantly. The saturation rate amounted to 0.85.
The overall FA composition of the PS fraction was similar to those described above, except that there was no linoleic and lignoglyceric acid. The saturation rate was 0.63 ( Figure 3) .
The overall FA composition of the PEA fraction was predominated by erucic acid. C12:0, C16:0, C20:0 and C24:0 acids were not detected. The saturation rate amounted to 0.61.
During incubation of human erythrocytes in conditions of hyperoxia and increased content of Ca 2+ ions, in the PS fraction among FAs, C18:3 and C22:1 acids were not detected. The content of saturated acids increased except for C18:0 C22:0. Among the unsaturated FAs, the content of palmitoleic acid decreased markedly. The amount of eicosadienoic acid increased more than twofold. The saturation rate of PS was 0.82. At pH = 6.8 under conditions of hyperoxia, the qualitative composition of PS saturated FAs did not change. Among the unsaturated FAs, palmitoleic and erucic acids were not detected. The saturation rate amounted to 0.82. At pH = 7.8, the qualitative composition of PS fatty acids did not differ from the control values. The amount of saturated acids C16:0 and C18:0 increased. The saturation rate was equal to 0.64.
The qualitative composition of FAs of phosphoinositides (PI) did not differ from previous fractions. In terms of amounts, among the saturated acids, the highest amount was that of C18:0 and C22:0 acids. Among the unsaturated FAs, palmitoleic acid predominated. The saturation rate of PI was equal to 0.77 (Figure 4) . Saturated free FAs were mainly represented by C16:0 and C18:0 acids. Among the unsaturated acids, C16:1. C18:2 and 20:2 were detected. The saturation rate of FFA amounted to 0.86. PI did not have any significant changes during incubation in conditions of hyperoxia in the media with high content of CaCl 2 in comparison with the control fraction of saturated FAs.
In quantitative composition, there was an increase in the amount of stearic and arachidic acids. The concentration of behenic and palmitoleic acids decreased significantly. Erucic acid disappeared completely. The saturation rate was 0.82.
At pH = 6.8 during hyperoxia, the PI fraction had a significantly low content of behenic acid. The amount of myristic acid increased. Among the unsaturated FAs, palmitoleic and erucic acids were not detected. The content of nervonic acid significantly decreased. The saturation rate of PI was 0.84.
At pH = 7.8, under the same conditions, there was a change in the qualitative composition of the fraction of unsaturated FAs. Myristoleic acid was not detected and erucic acid appeared again in an amount equal to the control value and palmitoleic acid in a twofold higher concentration of than the control values. The saturation rate decreased to 0.73.
Saturated FFAs are represented mainly by C16:0 and C18:0. Among the unsaturated FAs, C16:1, C18:2 and 20:2 were detected. The saturation rate of FFA totals to 0.86 ( Figure 5 ).
The composition of FFAs during incubation in conditions of hyperoxia and elevated concentrations of CaCl 2 in comparison with the control fraction showed a significant decrease in the amount of stearic, myristic, heneicosanic and behenic acids. Unlike the control fraction, in the fraction of saturated acids, lignoceric acid was detected. Among the unsaturated FAs, myristoleic and nervonic acids were identified. The content of palmitoleic acid dropped significantly. The saturation rate was 0.86.
At pH = 6.8 under conditions of hyperoxia, myristoleic and linolenic acids reappeared in the FFA fraction. Among the saturated FAs, the content of myristic, 
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stearic, heneicosanic and behenic acids dropped. Among the unsaturated acids, the content of eicosadienoic acid remained high and that of palmitoleic remained low. The saturation rate amounted to 0.83.
At pH = 7.8, the FFA composition underwent the following changes: myristoleic and linolenic acids reappeared and the amount of stearic, heneicosanic and behenic acids dropped. Lignoceric acid was not detected. The saturation rate was 0.84.
Therefore, all examined fractions of phospholipids, had an increased saturation rate indicating a decrease in the content of unsaturated FAs and increase in the levels of saturated FAs. Accordingly, this leads to changes in the lipid bilayer microviscosity, which is an important indicator that depends on the phospholipids' FA composition forming the membrane of RBCs [48, 49] .
Changes in the amount of lipid peroxidation products in erythrocytes during hyperoxia
Our results in polar and hydrophobic regions of phospholipids testify that the lipid phase of the erythrocyte membrane was a highly dynamic system, responsive to external impacts. We assume that the detected changes can be attributed to the intensification of phospholipase systems [24] and processes of LPO [50] . To confirm our assumptions and assess the LP processes in erythrocytes, we determined the content of some primary products of LPO, DC, as well as of an end product, MDA. The results are presented in Table 2 .
The analysis of the products of LPO showed that changing the composition of the incubation medium of erythrocytes led to an increase in the MDA and DC contents in RBCs, with maximum values for erythrocytes which were incubated in an environment with excessive concentration of Ca 2+ ions (by 18% for MDA and 69% for DC in comparison with the control sample) ( Figure 6 ). The incubation of erythrocytes in conditions of hyperoxia led to a significant increase in LPO products, the amount of MDA and DC increased more than twofold in comparison with the control values (Table 2, Figure 6 ). The increased concentration of Ca 2+ in the incubation medium worked for the decrease in the amount of MDA by 22.8% in comparison with the control values during hypoxia. At the same time, the amount of DC was increased by 19%. In addition, further conditions of acidosis and alkalosis created for RBCs, made possible even a more significant increase in the amount of MDA (by 27% and 24% in comparison with the control values during hyperoxia, respectively) as well as DC (by 50% and 30% in comparison with control values during hyperoxia, respectively) (Table 2, Figure 6 ).
Changes in the oxygen-binding capacity of erythrocyte haemoglobin by incubation of erythrocytes during hypoxia
Changes in the phospholipid and FA composition of the erythrocyte lipids point to structural rearrangements in the membrane of erythrocytes and thus to the functional changes on the part of the erythrocyte as a whole, as well as on the part of the primary oxygen-transport protein of RBCs -haemoglobin (membrane-bound and cytoplasmic form) [4, 5] . Our data obtained by RS suggested that these changes are linked to disruption of the conformation of haemoglobin and primarily its heme structures.
The images of the Raman spectra of haemoglobin haemoporphyrin [39, 51] allow us to determine the degree of oxidation of the iron atom, its spin state and the presence of ligands. They reflect the changes in the structure of globin leading to the deformation of haemoporphyrin and affecting the oxygen-binding properties of haemoglobin [52] . The conformation of haemoglobin haematoporphyrin of erythrocytes estimated in correlations of Raman spectra among healthy donors is presented in Figure 7 .
Values describing the oxygen-binding capacity of haemoglobin in conditions of normoxia are presented in Table 3 . We observed that during incubation in the medium with normal oxygen content, additional impacts on erythrocytes (non-physiological values of pH or high content of Ca 2+ ions in the medium) triggered changes in some indicators of the oxygen-binding capacity of haemoglobin (Table 3) . Thus, the increase in the concentration of CaCl 2 in the incubation medium up to 3.5 mmol/L triggered a significant increase in the correlation I 1375 /I 1172 characterizing the intensity of the symmetric and asymmetric stretch of the pyrrole rings ( Figure 8 ).
Conditions of acidosis increased the relative ability of Hb to bind oxygen, the affinity of haemoglobin to oxygen and the intensity of pyrrole rings stretch (by 9%, 8% and 10%, respectively). During alkalosis (pH = 7.8) in the incubation medium, we observed an increase in some indicators of the oxygen-binding capacity of RBCs. The ability of Hb to bind oxygen and the haemoglobin affinity to oxygen increased by 13% and 17.3%, respectively. The other parameters did not change. The relative amount of oxyhaemoglobin and the relative ability of Hb to discriminate the ligands remained unchanged if all additional exposures were applied.
The incubation of erythrocytes during hyperoxia triggered the increased haemoglobin affinity to ligands and the ability of haemoglobin to bind ligands (by 22.7% and 29.5%, respectively). The other parameters dropped (Figure 8 ). This may indicate not only that in conditions of excessive oxygen in the incubation medium, the processes of oxygen release by haemoglobin are impaired. There may also be other ligands (NO, OH and CO) in haemoglobin, typical of the occurrence of pathological processes, because during hyperoxia, we observed a decrease in the relative amount of oxyhaemoglobin.
Additional effects of non-physiological pH values and elevated concentrations of calcium ions did not lead to further significant changes in the relative concentration of oxyhaemoglobin and the relative ability of haemoglobin to discriminate the ligands (in comparison with the control sample of erythrocytes in conditions of hyperoxia). With all that, all correlations were reliably measured against the control values in normoxia.
The changes in the composition of the incubation medium of erythrocytes during hyperoxia had an effect on the oxygen-binding ability of haemoglobin, its ability to bind ligands, the affinity of haemoglobin to oxygen and the intensity of the symmetric and asymmetric stretches of haematoporphyrin's pyrrole rings. For instance, the ability of haemoglobin to bind ligands increased by 10% with elevated concentration of Ca 2+ ions in the incubation medium, whereas the affinity of haemoglobin to oxygen and the intensity of the symmetric and asymmetric stretch of pyrrole rings decreased with the change in the pH to 6.8 by 7% and 10% against the control level in conditions of hyperoxia, respectively. In other cases, the effects of non-physiological pH values and elevated concentrations of calcium ions did not trigger additional changes in the oxygen-binding capacity of erythrocyte haemoglobin.
Correlation analysis
To assess the correlation between the content of membrane PL fractions, the intensity of LPO and the haemoglobin oxygen-binding capacity (values of conformational changes of haemoglobin haematoporphyrin) of RBCs, we conducted correlation analysis. We detected varying correlations between all values of haemoglobin oxygen-binding properties and PS content. For instance, the correlation rate was +0.80 (for the relative ability of Hb to bind ligands (including O 2 )) and +0.70 (for the relative ability of Hb to discriminate ligands) at p 0.05, indicating a strong positive correlation between these parameters. A strong inverse correlation was found between the PC content and the relative amount of oxyHb in the blood (r = ¡0.73) at p 0.05. Between the other parameters of haemoglobin oxygen-binding capacity and the amount of PS, there was moderate and medium correlation.
The content of SM correlated with all parameters of haemoglobin oxygen-binding capacity; moreover, we revealed a strong correlation between the values of the relative amount of o-Hb and the ability of haemoglobin to discriminate ligands (r = ¡0.71 and r = 0.84, respectively) at p 0.05. Between the values of haemoglobin ligand-binding capacity, haemoglobin affinity to ligands and intensity of symmetric and asymmetric stretch of pyrrole rings, average correlation dependence (r = 0.68, r = 0.53 and r = ¡0.63, respectively) was detected.
When examining the correlations between the values of the relative amount of o-Hb, the ligand-binding capacity of haemoglobin, the intensity of symmetric and asymmetric stretch of pyrrole rings and the haemoglobin capacity to release ligands, we observed average and moderate correlation (r = ¡0.49, r = 0.57, r = 0.64 and r = ¡0.49, respectively) with PC lysoform (p 0.05). The analysis of the correlations between the values of the relative amount of o-Hb, the ligand-binding capacity of haemoglobin, the haemoglobin affinity to ligands and the intensity of symmetric and asymmetric stretch of pyrrole rings, revealed average and moderate correlation (r = 0.58, r = ¡0.61, r = ¡0.40 and r = 0.54, respectively) with PI (p 0.05). On the other hand, strong correlations were not detected between the intensity of the symmetric and asymmetric stretch of pyrrole rings and the content of phospholipids' fractions.
We also revealed correlation between the values of the haemoglobin oxygen-binding capacity and the amount of products of LPO. There was strong correlation between the content of MDA and the relative amount of o-Hb, the ligand-binding ability of haemoglobin, the ability of haemoglobin to discriminate ligands and the intensity of the symmetric and asymmetric stretches of pyrrole rings (r = ¡0.81, r = 0.71, r = 0.81 and r = ¡0.77, respectively). Moderate correlation was found between the amount of MDA and the values of the affinity of haemoglobin to ligands; the correlation rate was 0.45. There was strong correlation between the amount of DC and the values of the relative amount of o-Hb, the haemoglobin ligand-binding capacity, the ability of haemoglobin to discriminate ligands and the intensity of the symmetric and asymmetric stretch of pyrrole rings (r = ¡0.78, r = 0.73, r = 0.86 and r = ¡0.72, respectively). Between the amount of DC and the values of affinity of haemoglobin to ligands, including to oxygen, there was moderate correlation (r = 0.39).
Analysis
During normoxia, the additional effect of high concentrations of Ca 2+ triggered a decrease in the main PL fractions in erythrocyte membranes with a simultaneous significant increase in the number of phospholipids' lysoforms. During normoxia, the concentration of Ca 2+ ions outside the cell is approximately 1.8 mmol/L; in the erythrocyte cytosol, the concentration of Ca 2+ ions ranges from 30 to 60 nmol/L. This difference is maintained by the low permeability of the erythrocyte membrane to Ca 2+ and the active work of Ca
2+¡
ATPase [53] . The enzyme activity is controlled by regulators such as calmodulin, PI, mostly localized on the outer membrane layer. In addition, the activity of Ca 2+ -ATPase may be regulated by phosphorylation under the action of protein kinases A and C.
High level of free Ca 2+ in the cytosol leads to the activation of Ca 2+¡ ATPase. It is known that high intracellular concentration of Ca 2+ in erythrocytes leads to opening of CA-activated K-channels, through which K + ions are released from erythrocytes. This phenomenon is called 'the G ardos effect'. Activation of these channels occurs as a response to the increased concentration of Ca 2+ in the cell or when other ways to transport Ca 2+ are disrupted [54] [55] [56] .
The increase in intracellular concentration of Ca 2+ will trigger cascades of enzymatic reactions, in particular related to the activation of proteases and phospholipases. As a result, there is aggregation of membrane proteins and hydrolysis of phospholipids accompanied by accumulation of lysoforms; thus, the permeability of biomembranes becomes enhanced. Altogether this leads to impairment of the function of RBCs and to changes in their morphological characteristics [57, 58] .
Apart from that, the increase in the amount of Ca ions in the extracellular medium was accompanied by changes in FA composition of PLs and an increase in the degree of their oxidation, exhibited by the increase in the saturation rate for all PL factions, with the exception of FFA. The presence of increased amount of Ca ions in the incubation medium led to an increase in the intensity of the symmetric and asymmetric stretch of the pyrrole rings of haemoglobin haematoporphyrin of RBCs. The other values of the oxygen-binding capacity of haemoglobin were not reliably affected by the above factor.
When changing the pH of the incubation medium of erythrocytes by making it more acidic or alkaline, similar changes in the phospholipid composition of erythrocyte membranes were observed. Conditions of acidosis also triggered changes in the FA composition of PL fractions such as PEA, PI, PC and PS. Their composition revealed an increased proportion of saturated FAs that was accompanied by an increase in the saturation rate. In case of alkalosis, the same changes were characteristic only for the main structure-forming membrane phospholipids of RBCs -PEA and PS; for the rest of the PL fractions, the degree of oxidation did not change.
The conditions of acidosis and alkalosis did not affect the relative amount of oxyhaemoglobin, the ability of haemoglobin to discriminate ligands. The change in the medium pH produced the strongest effect on such properties of haemoglobin as the capacity to bind ligands (including oxygen) and the affinity of haemoglobin to ligands (primarily oxygen).
It is known that medium pH can affect the shape and deformability of erythrocytes [59, 60] , membrane proteins and the phospholipid bilayer [61] [62] [63] [64] and the stability of the cytoskeleton [65] [66] [67] . In addition, pH changes can affect the transmembrane transport of substances, reducing the rate of diffusion of oxygen in the lipid bilayer. This, in turn, will affect the structure and function of intracellular Hb and, consequently, the oxygen exchange of erythrocytes [68] .
Significant changes in the composition and degree of oxidation of membrane phospholipids occurring during experimental hyperoxia, can primarily be attributed to the intensification of LPO [69] . In this case, first of all, there is a disruption in the integrity of the lipid bilayer of cell membranes. During intensive run of free radical processes, the amount of phospholipids composed of PUFA -phosphatidylserine, phosphatidylcholine and phosphatidylethanolamine, declines mostly dramatically [70] .
Reducing the amount of PEA may lead to disturbance of the ion-transport capacity of enzymes such as Ca 2 + -ATPase and Na + /K + -ATPase [71] . PCH, as a membranestabilizing PL fraction, is the natural protector of the erythrocyte membrane. If its quantity becomes reduced, there will be an increase in the oxidative capacity and a decrease in the stability of the erythrocyte membrane.
During hyperoxia, not only the content of structural lipids of PEA and PCH, but also the content of minor, metabolically significant phospholipid PI decreases. According to scientific literature, the decrease in the content of phosphatidylinositol in the structure of membranes can be attributed to its extensive consumption as a precursor of the secondary messenger of intracellular processes -diacylglycerol, as well as to its degradation due to intensification of free radical oxidation of PUFAs that this phospholipid is rich in [69] . Such changes may point to a decline in the adaptive capacity of both individual cells and the whole organism.
Considering the inability of erythrocytes to synthesize lipids and the metabolic pathways of membrane PL in the cell, we can assume that changes in the PL composition can be attributed to activation of phospholipase C and D, the product of which is PC, and of phospholipase A2, carrying out PL degradation with formation of lysofractions [70, 72] . Since phospholipase A2 predominantly hydrolyses PCH, and phospholipase D has exclusive specificity to that PL [70, 72] , the decrease in the level of PCH may be associated with combined activation of these enzymes.
Apart from that, the potentiating effect on the degradation of PCH is produced by free-radical modification of its molecules, which are rich in unsaturated double bonds and act as the main substrate of LPO processes [70] . Hyperoxia triggers the activation of LP, which enables peroxidation of PL in the membrane of erythrocytes; besides, PLs composed of hydroperoxides of FAs are especially most actively hydrolysed by phospholipase A2 [72, 73] .
Selective delipidization of membranes causes changes in their physico-chemical properties and an increase in their microviscosity. In turn, the changes in the biological membranes of RBCs lead to a decrease in the cells' deformability, haemolysis of erythrocytes, enhancement of blood viscosity and impairment of the oxygen-transport function.
Erythrocytes are particularly susceptible to LP because they consist of many easily oxidizable phospholipids. When activating LP as a response to the increase in the passive permeability of potassium and sodium ions, and disruption of the erythrocyte osmotic balance, the lifespan of these cells decreases [74] . LP in membranes disrupts the selective permeability and rheological properties of cells.
FAs, as part of PL erythrocyte membranes, exert paramount influence on the properties of the membrane and, consequently, on the morphology and function of erythrocytes in general. Human erythrocytes, in view of their specific structure, are deprived of the capacity to synthesize and oxidize FAs. Erythrocytes do not use FAs as a source of energy. Changes in the FA composition can only occur under the influence of active forms of oxygen on PL erythrocyte membranes, and such active forms are generated in sufficient quantities in erythrocytes (because erythrocytes have large quantities of oxygen). Moreover, oxidative stress and LP developing during various pathological processes also trigger modifications in the PL and FA composition of erythrocyte membranes due to formation of peroxide compounds of lipids. All these changes in the PL and FA composition of erythrocyte membranes trigger changes in the conformation of haemoglobin and haematoporphyrin and affect the erythrocyte oxygen-binding capacity.
During hyperoxia, the following characteristics of the oxygen-binding capacity of haemoglobin increased significantly: the ligand-binding capacity and the affinity to ligands, including oxygen. At the same time, the relative amount of o-Hb and the intensity of the symmetric and asymmetric stretch of the pyrrole rings of haematoporphyrin decreased. The ligand-binding capacity of haemoglobin increased due to additional action of Ca 2+ ions. Additional conditions of acidosis on the background of hyperoxia, as well as during normoxia triggered a decrease in the affinity of haemoglobin to ligands (including oxygen). Conditions of alkalosis during hyperoxia, unlike normoxia, did not cause changes in the values of the oxygen-binding capacity of haemoglobin.
Conclusions
The results from this study demonstrated that during hyperoxia, there occur profound changes in the lipid composition of erythrocyte membranes. The observed changes affect to the polar as well as the hydrophobic regions of the phospholipid molecules. Such profound changes in the phospholipid composition are caused by the joint action of lipolytic enzymes as well as by intensive oxidative processes affecting the polyunsaturated component of the phospholipids. As a result, changes in the lipid bilayer impair the oxygen-binding and oxygentransport properties of erythrocyte haemoglobin.
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